As for most other organisms, genome size in zooplankton differs widely. This may have a range of consequences for growth rate, development, and life history strategies, yet the causes of this pronounced variability are not settled. Here we propose that small genome size may be an evolutionary consequence of phosphorus (P) allocation from DNA to RNA under P deficiency. To test this hypothesis we have compared the two major groups of zooplankton, copepods and cladocerans, that have overlapping niches and body size. Relative to the cladocerans, copepods have a more complex life history and a lower mass-specific P content, while cladocerans tend to have higher P and RNA contents and higher specific growth rates and frequently experience P-limited growth, likely due to a shortage of P for ribosome synthesis. Cladocerans also generally have smaller genomes than copepods (1C = 0.17-0.63 pg DNAÁcell -1 vs. 1C = 0.10-10 pg DNAÁcell -1 ). Furthermore, cladocerans have a higher slope of the relationship of body size with DNA content (1.5 vs. 0.28 in copepods) and present almost 15-fold higher RNA:DNA ratios (24.8 in cladocerans vs. 1.6 in copepods). Hence, small genome size in cladocerans could reflect an evolutionary pressure towards ''efficient'' genomes to conserve a key element needed to maximize growth rate. We do not claim that this is a universal cause of genome size variability, but propose that streamlining of genomes could be related to P conservation rather than energy conservation. This could be relevant for a range of organisms that may suffer P-limited growth rates.
Introduction
Genome size in organisms varies tremendously, but there is no consensus on the causes of this variability (CavalierSmith 1978; Gregory et al. 2000) . In principle, two major explanations have been advocated, the ''bulk DNA'' and the ''selfish DNA'' hypothesis (Lynch 2007) . As with any organismal trait, part of this variability could reflect phylogenetic constraints due to past evolutionary adaptations. However, closely related taxa can have widely different genome sizes (Hardie and Hebert 2004; Rees et al. 2007 ), pointing towards recent evolutionary events and thus other mechanisms. Large body size seems to be associated with larger genomes and vice versa within some phyla (Gregory 2001 ), yet the direction of causality for this correlation is not straightforward (Rasch and Wyngaard 2006) . There can also be considerable variability in genome size among organisms of similar body size (Gregory et al. 2000 ) or even at the intraspecific level owing to environmental conditions or ontogeny (McLaren et al. 1988; Nardon et al. 2003) . Such differences in genome size may be attributed to evolutionary adaptations reflecting different life cycle strategies or differences in complexity of body structure or life cycles. Hence, despite a wealth of studies, there are no unifying explanations for the variability in genome size, which could reflect that there are a number of different mechanisms that affect genome size.
Much effort has been devoted to explaining the frequently abundant quantities of non-coding DNA in genomes, describing this non-coding DNA as ''junk'' or selfish DNA (Dawkins 1976; Orgel and Crick 1980) . While it has recently become clear that some non-coding DNA regions may actually serve an important role in gene regulation, it is not clear to what extent these regions promote fitness at the organism level. An obvious correlate of increased genome size is increased cell size. In addition, larger cells seem to require larger nuclei for more efficient mRNA transport into the cytoplasm (Cavalier-Smith 1985) . Large cell size generally reduces cellular metabolic rate and cell division rate (Gregory et al. 2000; Rasch and Wyngaard 2006) . Hence, one would expect that small body size, rapid growth, and simple life cycles would promote small genome size. There might, however, also be other mechanisms linked with allocation of energy or matter that could affect genome size.
Some past considerations of the evolutionary basis of variation in genome size have examined the possible material or energy costs of constructing and maintaining the genome. In considering the widespread prevalence of haploidy in the diatoms, Lewis (1985) proposed that haploidy provides an advantage to diatoms in nutrient competition because it reduces (by 50%) the nutrients (N, P) that must be allocated to the genome, allowing them to be allocated elsewhere (such as to RNA) in support of growth. Of particular interest in considering the construction costs of DNA is the observation that nucleic acids are especially P-rich compared with other molecules in the cell (Sterner and Elser 2002) . This suggests that variations in genome size might be of particular ecological importance, and thus subject to selection, in organisms that potentially experience frequent P limitation of their growth rate. On the basis of this reasoning, here we propose, and provide a preliminary test of, a novel hypothesis to explain some variation in genome size: intracellular allocation of P from DNA to RNA results in decreased genome size and elevated RNA:DNA ratio. This is a function of organism growth rate and thus its demands for maximizing RNA and is likely to be strongly favored by P limitation. To test this hypothesis, one should compare relatively closely related taxa of similar body size that live in similar environments but which differ in growth rate and potential P limitation of growth rate.
Our test of this idea involves crustacean zooplankton. Crustaceans show a truly remarkable variability in genome size. Within the order Amphipoda, a 20-fold range (1C = 2.94-64.6 pg DNAÁcell -1 ) has been recorded (Rees et al. 2007) . The large subclass Copepoda also shows a striking variability in genome size (1C = 0.10-12.46 pg DNAÁcell -1 ), with generally larger genomes in the order Calanoida compared with the order Cyclopoida, yet cyclopoids may also show a 20-fold range (1C = 0.10-2.02 pg DNAÁcell -1 ) (Rasch and Wyngaard 2006) . The small genome size of certain cyclopoids has been attributed to evolutionary adaptations for rapid replication, accelerated development, and survival in unpredictable habitats (Rasch and Wyngaard 2006) .
In contrast to the wide variability exhibited by copepods, members of the order Cladocera (class Branchiopoda), key players in lake ecosystems, are characterized by generally very small genome sizes (1C = 0.17-0.63 pg DNAÁcell -1 ), according to the Animal Genome Size Database (Gregory 2008, www.genomesize.com) , with the majority of species having <0.4 pg DNAÁcell -1 . Cladocera are characterized by simple life cycles (no larval stages, direct development, and facultative parthenogenesis), rapid growth rates, and high body P content (percentage of dry mass). While they are generally the most abundant group of crustaceans in freshwaters both numerically and in terms of biomass (Hessen et al. 2006) , there are only a few marine species, primarily in brackish waters. In these fast-growing invertebrates, a major fraction (50%-80%) of cellular P is allocated to RNA owing to a high demand for ribosomes to drive protein synthesis (Elser et al. 2003; Hessen et al. 2007) . For this reason, and because there often is a relative scarcity of P in plant biomass relative to the demands of invertebrate herbivores, grazers with high maximum growth rates may face P-limited growth. This has been experimentally verified for various invertebrates, notably in the key cladoceran family Daphniidae (cf. Sterner and Elser 2002) . Copepods, on the other hand, have obligate sexual reproduction, go through a number of developmental stages, and may have multivoltine life cycles. Hence they generally have slower growth rates and lower specific P content than the Cladocera (Andersen and Hessen 1991) . Extensive tests for P limitation of copepod growth have not yet been performed. However, in one study (Villar-Argaiz and Sterner 2002), low-P algal food had little impact on the growth and development of various naupliar and copepodid stages, except for the copepodite instar CII, which were unable to molt when raised on P-deficient food. Copepodite nauplii are rich in P, however, and their growth rates are closely linked with their specific P content (Carrillo et al. 2001) . In sum, available data suggest that cladocerans and copepods differ considerably in their life history strategies and in their likely susceptibility to P limitation. This provides an opportunity to evaluate our ideas. Here we provide a preliminary test of our P-allocation hypothesis via compilation of a large data set of published values of specific DNA and RNA contents for species of cladocerans and copepods to see whether there are differences in C-values that are consistent with different strategies for P allocation between DNA and RNA. The mechanisms outlined in our proposal for cladocerans and copepods are not specific to these groups. Thus, our findings could also be relevant for explaining the remarkably different genome sizes found in other taxa subject to the same selection pressure, i.e., dietary P deficiency and demands for high growth rates.
Material and methods
Published values of specific DNA and RNA contents (percentage of dry mass) for cladocerans and copepods were obtained from Ventura (2006) . These include a wide range of species, and for copepods, both freshwater and marine calanoids and cyclopoids were included. C-values (the quantity of nuclear haploid DNA) used in this study are derived from published sources (Gregory 2008, www.genomesize.com; Rasch and Wyngaard 2006) . C-values are based on various somatic tissues, generally from a mixture of cell types from ground-up animals. The percentages of body P contributed by DNA and RNA were estimated by multiplying their concentrations by their P fraction (0.089 and 0.085 for DNA and RNA, respectively; Ventura 2006) and the total nucleic acid P is the sum of P in both DNA and RNA.
To test for a potential confounding effect of body size on DNA content (estimated from C-values and the number of genome copies in each species) and RNA:DNA ratios, we obtained data on maximum body length for all species. Length was used as an estimator of body size in both groups because of its good allometric relationship with biomass (McCauley 1984) . For Cladocera, this length was the distance between the upper edge of the head and the base of the tail spine; for copepods, length was from the anterior end of the cephalothorax to the posterior end of the furca. For copepods, we used the data provided by the authors describing C-values converted to maximum length when only prosome length was reported. In cladocerans, since body sizes were not available from studies reporting C-values, we used the maximum body size for each species described in various taxonomic sources (Brooks 1957; Negrea 1983; Hebert and Finston 1993 , 1996 Alonso 1996; Flössner 2000) .
Results
Published C-values show considerably lower variability in cladocerans than in copepods (Fig. 1a) . In support of previous observations, there was a consistent difference in P content (percentage of dry mass) between cladocerans and copepods (one-way ANOVA, F 49,1 = 8.1, P = 0.006), with averages ± SD of 1.26% ± 0.41% and 0.93% ± 0.42%, respectively (Fig. 1b) . The contrasting allocation of P to RNA or DNA in cladocerans and copepods is reflected in the widely different RNA:DNA ratios for the two groups ( Fig. 1c; 24.8 ± 16.6 and 1.6 ± 1.2 for cladocerans and copepods, respectively). The difference between these two groups of planktonic crustaceans becomes even more striking when the P is assigned to DNA and RNA (Fig. 1d) . While RNA is the dominant pool of P in both groups (average ± SD: 0.45% ± 0.09% and 0.25% ± 0.13% of dry mass for cladocerans and copepods, respectively), the relative fraction of body P allocated to RNA is significantly higher in cladocerans, while the fraction of P in DNA for cladocerans (0.03% ± 0.01%) is strikingly low and significantly lower than that in copepods (0.15% ± 0.09%) (Fig. 1d) . However, on average, P in total nucleic acids represents 0.38% ± 0.08% of dry mass in copepods and slightly (but not significantly) more in the Cladocera (0.48% ± 0.2%).
To test for potential body size effects on the pattern observed in Fig. 1 , we regressed genome size against maximum body size for all species where C-values were available (Table 1 ). For both groups we detected a strong positive correlation between body size and genome size (Figs. 2a, 2b ), but the slopes were strikingly different (1.5 for cladocerans vs. 0.28 for copepods; Table 1 ) (ANCOVA, F 74,1 = 40.469, P < 0.0001 and ANCOVA, F 74,1 = 9.659, P = 0.003 for the intercept and slope, respectively) in spite of both groups covering the same size range. Thus, in comparison with copepods, large cladocerans have considerably smaller genomes than one would expect for their body size. We also note that calanoids and cyclopoids also had significantly different slopes for body size vs. DNA relationships (0.42 vs. 0.28, respectively; Table 1 ) (ANCOVA, F 39,1 = 5.884, P = 0.02 and ANCOVA, F 39,1 = 21.806, P < 0.0001 for the intercept and slope, respectively). The difference in DNA content (2C) between cyclopoids and calanoids seemed primarily to be due to smaller body size in cyclopoids (Fig. 2a) . Among calanoids there were both freshwater and marine species, while all cyclopoids and cladocerans were from freshwater habitats. Freshwater and marine calanoids had nonsignificantly different slopes (ANCOVA, F 28,1 = 0.025, P = 0.875 and ANCOVA, F 28,1 = 0.452, P = 0.452 for the intercept and slope, respectively), which indicated that habitat was not a relevant factor for this comparison. Within the cladocerans, most of the species analyzed for genome size were from the genus Daphnia, although the data set covered genera from 3 of the 4 suborders of the Cladocera (Bosmina, Ceriodaphnia, Daphniopsis, Scapholeberis, Simocephalus, Ilyicriptus, and Macrothrix from Anomopoda; Holopedium and Sida from Ctenopoda; and Polyphemus from Onychopoda). Separating Daphnia species from the other Cladocera resulted in very similar slopes (1.31 vs. 1.46 for Daphnia and non-Daphnia species, respectively; Table 1) that were not significantly different (ANCOVA, F 33,1 = 40.365, P < 0.0001 and ANCOVA, F 33,1 = 0.982, P = 0.329 for the intercept and slope, respectively). Therefore we believe that the results presented in Fig. 2b are representative of the Cladocera in general.
Discussion
Our data are consistent with the idea that the very small genome size and the high RNA:DNA ratio in cladocerans relative to copepods may reflect a reallocation of P at the cellular level. In cladocerans geared for fast growth, there is a need for maximum allocation of P to RNA to keep a high rate of protein synthesis. There are at least two prerequisites for this hypothesis: (1) the consumer's growth and reproductive rates must be chronically or at least occasionally limited by dietary access to P, and (2) the allocation of P from DNA to RNA must not have major fitness costs, at least not relative to the gains of increasing allocation to RNA.
With regard to the first prerequisite, there is a strong positive correlation between RNA and growth rate across a wide range of invertebrate phyla and prokaryotes (Sutcliffe 1970; Elser et al. 1996 Elser et al. , 2003 . Within the Cladocera specifically, there seems to be a consistent set of positive associations among specific P content, RNA content, and growth rate (Main et al. 1997; Gorokhova et al. 2002; Elser et al. 2003) . Cladocera, and notably those with the highest P content, such as Daphnia spp., may frequently face P limitation (2C) genome size in cladocerans and copepods; (b) phosphorus content in cladocerans and copepods; (c) the ratio of RNA to DNA in cladocerans and copepods; and (d) body phosphorus of dry mass allocated to DNA, RNA, and the sum of both nucleic acids for cladocerans and copepods. Significant differences between groups (one-way ANOVA) are denoted as follows: **, P < 0.001; *, P < 0.05; and ns, P > 0.05. The number of species for each group is in parentheses. Error bars are SD.
in lakes when feeding on P-deficient food (Hessen 1992; Sterner 1993; Elser et al. 2001) , and hence there seems to be a close link between growth rate and P demands, reflecting the dependency of protein synthesis on ribosome abundance. Moreover, there is generally a rather tight regulation of P content within species, and hence biomass P content is a generic property at the species level (cf. Andersen and Hessen 1991) . Thus, under P deficiency (most likely to occur in species with high P demands) there should be a strong selection pressure to maximize cellular allocation of P to RNA, and one likely source of P is nonessential regions of DNA. Other sources of P to account for the ''missing'' P (relative to total P given in Fig. 2 ) are phospholipids and free nucleotides (Ventura 2006) . The mineral hydroxyapatite in the carapace (Vrede et al. 1999 ) is another candidate, but only a limited fraction of this P may be available for other purposes, since P is chemically bound with Ca in the carapace. Furthermore, a soft, demineralized exoskeleton would imply an increased risk of predation.
Increased RNA production rates and growth rate may hinge on differences in rDNA structure (e.g., the number of intergenic spacer repeats; operon copy number; Prokopowich et al. 2003; Weider et al. 2005) . Hence, a reallocation of P might also select for more efficient rDNA function. It is important to note that reduced genome size has commonly been proposed to promote increased growth rate because it reduces cell size and simplifies the cell division process (Rasch and Wyngaard 2006) . Hence, reduced genome size due to shifts in P allocation from DNA to RNA as well as ''streamlining'' of cell division would both promote growth; these explanations are not mutually exclusive.
While both cladocerans and copepods yielded a positive correlation between body size and genome size (Fig. 2) , the significant difference between slopes is noteworthy. The slope of the relationship for copepods is close to a cuberoot relationship (expected allometric relationship, 1/3 in a log-log relationship), while the slope for cladocerans is considerably higher. This might partly reflect a more ''efficient'' genome in the cladocerans, but could also reflect different growth strategies between these two groups. However, the difference between cyclopoids and calanoids is also striking: the slope for calanoids is close to the slope of 0.5 found for marine calanoids (Gregory et al. 2000) , while the lower slope of the cyclopoids (0.28) suggests a different allometry between cell size and genome size for the two copepod orders.
We do not claim that P allocation from DNA to RNA owing to P limitation is a universal cause of genome size variability. There are probably a variety of causes for both inter-and intraspecific variability in genome size. At the intraspecific level, both genome size and RNA:DNA ratios could be subject to ontogenetic variation (McKee and Knowles 1987) . Some of this variability may also be attributed to P allocation strategies reflecting different demands at different stages. Higher growth rate in juveniles and shifts in allocation of protein synthesis from somatic growth to reproduction will likely cause changes in RNA:DNA ratio (Wagner et al. 1998 (Wagner et al. , 2001 . In some copepods, genome size is strongly reduced during early embryonic stages by chromatin diminution (Beermann 1977; Wyngaard et al. 2005) . This mechanism occurs only in some species, which may explain the wide interspecific variability in this group. Such effects have not been demonstrated for cladocerans such as Daphnia and Bosmina spp., but somatic endopolyploidy has Fig. 2 . Relationships between DNA content, expressed as diploid (2C) genome size, and body size in species of (a) the two main planktonic orders of copepods (Calanoida in circles and Cyclopoida in squares), distinguishing freshwater species (in black) from marine species (in white), and (b) freshwater cladocerans, distinguishing species of the genus Daphnia (in white) from species of other orders (in black) including species of the genera Ceriodaphnia, Scapholeberis, Daphniopsis, Bosmina, Simocephalus, Ilyocryptus, Macrothryx, Sida, Holopedium, and Polyphemus. Body size is expressed as maximum length in millimetres. Each point is a different species. The solid line is the fit of linear regression including all the species for each panel. See Table 1 for parameters of the regression analyses. Note the difference in scale of the x-axes of the two plots.
been documented, notably in high-Arctic cladoceran lineages Hebert 1989, 1997) . Differences in cytotypes due to chromatin diminution or endopolyploidy would probably reflect interspecific more than intraspecific variability in DNA content, but clearly both of these effects might obscure the suggested allocations of P between RNA and DNA. Our cladoceran samples were mostly from temperate regions, however, with assumed diploid dominance.
Our P-allocation hypothesis is likely to be less relevant for vertebrates, for which bony structures make up a major store of P (Sterner and Elser 2002 ) that should readily buffer cellular needs for P. It should, however, have validity for other invertebrate taxa that may face P limitation of growth and that are characterized by considerable variation in genome size. Comparing elemental support and demands in both aquatic and terrestrial ecosystems demonstrates a strong mismatch and that P limitation of growth rates indeed could be widespread among invertebrate herbivores . For example, species of the family Drosophilidae, which in general have very small genomes (1C = 0.12-0.34 pg, Gregory 2008) , are also likely to face dietary constraints for P (Markow et al. 1999) . P limitation could also be relevant for microorganisms, for which a variety of studies have revealed remarkable abilities to streamline element demands at the biochemical level (e.g., Baudouin-Cornu et al. 2001; Ranea et al. 2005 ). Generally such streamlining has been attributed to the metabolic costs of maintaining and replicating ''excess'' DNA, but the costs in terms of P might be more relevant than the energetic costs. Intriguingly, an endemic taxon of Bacillus (B. coahuilensis) recently isolated from severely P-limited ecosystems at Cuatro Cienegas (Mexico) seems to have an extremely small genome compared with other species of Bacillus (Alcaraz et al. 2008) .
Opportunities to test these ideas will increase steadily as more genomic information for ecologically relevant taxa becomes available. Again, we emphasize that our proposed mechanisms do not run counter to other causes of genome size variability, but given the widespread occurrence of P limitation in various organisms (Sterner and Elser 2002) , we propose that it is a hypothesis worth further scrutiny.
